Genomic, transcriptional, and proteomic analyses of brain tumors reveal subtypes that differ in pathway activity, progression, and response to therapy. However, a number of small molecule inhibitors under development vary in strength of subset and pathway-specificity, with molecularly targeted experimental agents tending toward stronger specificity. The Notch signaling pathway is an evolutionarily conserved pathway that plays an important role in multiple cellular and developmental processes. We investigated the effects of Notch pathway inhibition in glioma tumor initiating cell (GIC, hereafter GIC) populations using γ secretase inhibitors. Drug cytotoxicity testing of 16 GICs showed differential growth responses to the inhibitors, stratifying GICs into responders and non-responders. Responder GICs had an enriched proneural gene signature in comparison to non-responders. Also gene set enrichment analysis revealed 17 genes set representing active Notch signaling components NOTCH1, NOTCH3, HES1, MAML1, DLL-3, JAG2 etc., enriched in responder group. Analysis of TCGA expression data set identified a group (43.9%) of tumors with proneural signature showing high Notch pathway activation suggesting γ-secretase inhibitors might be of potential value to treat that particular group of proneural GBM. Inhibition of Notch pathway by γ-secretase inhibitor treatment attenuated proliferation and selfrenewal of responder GICs and induces both neuronal and astrocytic differentiation. In vivo evaluation demonstrated prolongation of median survival in an intracranial mouse model. Our results suggest that proneural GBM characterized by high Notch pathway activation may exhibit greater sensitivity to γ-secretase inhibitor treatment, holding a promise to improve the efficiency of current glioma therapy.
Introduction
Glioblastoma (GBM) is the most intractable cerebral tumor; it progresses rapidly, demonstrating high resistance to both radiotherapy and most chemotherapeutic agents (1) (2) (3) . Traditional genomic studies of GBMs have revealed common alterations in canonical central signaling pathways (4) (5) (6) (7) (8) . Initial attempts at gene expression profiling have demonstrated the heterogeneous nature of glial tumors that were previously thought to represent a single tumor type. Analysis of large-scale genomic data sets has started to yield results for discriminating subgroups of patients with GBM who seem to respond differently to chemotherapeutic agents (9) (10) (11) . As new-generation drugs are developed that target specific protein targets, personalized treatment for brain cancer may ultimately move beyond a gene expression-based molecular classification model towards the identification of small subsets of patients who are likely to respond to a particular agent.
Recent studies suggest that glioma tumor-initiating cell (GIC) have the capacity to repopulate tumors (12) (13) (14) and mediate radio-and chemo resistance (15, 16) . However, the mechanism by which GICs maintain their immature stem-like state or, alternatively, become committed to differentiation is poorly understood (13, 14) . The Cancer Genome Atlas (TCGA) Network described genomic abnormalities and gene expression-based molecular subtypes of GBM that showed a strong relationship between subtypes, genomic alterations, and different neural lineages (17) . Future studies are required to elucidate the intricate relationship between tumor subtypes and treatment response. We have thus embarked on a comprehensive effort to detect expression signatures that are associated with response to therapy, and these signatures may allow prospective selection of patients with a high likelihood of response to therapy.
The Notch signaling pathway is an evolutionarily conserved pathway that plays an important role in multiple cellular and developmental processes, including cell fate decision, differentiation, proliferation, survival, angiogenesis, and migration (18) (19) (20) . The Notch protein comprises both extracellular and intracellular regions. The extracellular region of the Notch receptor contains epidermal growth factor-like repeats essential for ligand binding and three copies of the juxta membrane repeats motif, known as the Lin-12 Notch repeats. Four Notch receptors (Notch1-4) and five ligands (Jagged1, Jagged2, and Delta-like 1, 3, and 4) have been identified in mammals. When the Notch receptor is triggered by the ligand, it promotes two proteolytic cleavage events at the Notch receptor. The first proteolytic step is carried out by ADAM17 at site S2 in the extracellular region. The cleaved extracellular subunit of the receptor is trans-endocytosed by the neighboring ligand-expressed cells. Binding of extracellular ligand to Notch also induces the second proteolytic cleavage event at the transmembrane region by a γ-secretase at site S3. This cleavage can release the Notch intracellular domain (NICD) (18, 19) .
Recent studies indicate that the Notch signaling pathway regulates neural stem cells (21, 22) and several cancer cells with high Notch activity (23) (24) (25) . Among central nervous system tumors, Notch signaling components have been found to be deregulated in meningiomas (26) , and Notch activity has been observed to be critical in medulloblastomas (27) . In glioma cells and GICs, the Notch signaling pathway plays an important role in proliferation, stem cell maintenance, cell differentiation and tumorigenesis (28) (29) (30) (31) (32) (33) (34) . γ-Secretase inhibitor repressed the growth of several cancer cell types, such as breast cancer (25) , leukemia (24) , and glioma (33, 34) . Therefore, the pharmacological inhibition of Notch signaling pathway has potential as a therapy for cancer.
In this study, we investigated the effects of Notch pathway inhibition on GIC growth using commercially available inhibitors of γ-secretase (DAPT, BMS-708163 and RO4929097). The cells responses to the γ-secretase inhibitor treatment divided GICs into groups of responders and non-responders based on their 50% growth inhibitory concentration(IC 50 ) profiles. Furthermore, the GICs' response to γ-secretase inhibitors was associated with their Notch signaling activity. γ-Secretase inhibitors impaired stem cell maintenance and induced neuronal and astrocytic differentiation. Notch-1 inhibition accounts for part of the γ-secretase inhibitors activity. Notch inhibition by short hairpin RNA (shRNA) knockdown induced only neuronal differentiation, whereas γ-secretase inhibitors induced both neuronal and astrocytic differentiation. Thus, we have here identified a responder signature for a group of GICs that can be targeted by Notch inhibitors, and this may allow the selection of patients with a high likelihood of responding to this therapy.
Materials and Methods

Cell lines and reagents
The GIC cell lines were established by isolating neurosphere-forming cells from surgical specimens of human GBM using a method described previously (35) . The study was approved by the Institutional Review Board of MD Anderson Cancer Center, and informed consent was obtained from all subjects. These GICs were cultured as GBM neurospheres in DMEM/F12 medium containing B27 supplement (Invitrogen) and basic fibroblast growth factor and epidermal growth factor (20 ng/ml each). The γ secretase inhibitors N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester (DAPT), BMS-708163 and RO4929097 were purchased from Selleck Chemicals (Houston, TX). For in vitro use, all the inhibitors were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) to a concentration of 10 mmol/L, stored at −20°C, and further diluted to an appropriate final concentration in DMEM/F12 medium at the time of use. For in vivo studies, RO4929097 was formulated as a suspension in 1.0% carboxymethyl cellulose with 0.2% Tween 80 for oral administration.
Cell proliferation assay
Briefly, cells were treated in triplicate for 72 hours with seven doses each of DAPT, BMS-708163 and RO4929097. Cell proliferation was estimated using the CellTiter-Blue (Promega, Madison, WI) viability assay. The IC 50 value was calculated as the mean drug concentration required for inhibiting cell proliferation by 50% compared with vehicletreated controls.
Gene arrays, bioinformatics
GICs were divided into responder and non-responder groups by their responses to γ secretase inhibitor treatments. To identify differentially expressed pathways between responder and non-responder cell lines, we performed gene set enrichment analysis (GSEA) (36) using canonical pathways from the Kyoto Encyclopedia of Genes and Genomes (37) (downloaded from MSigDB, http://www.broadinstitute.org/gsea/msigdb/index.jsp). Core enrichment genes were used as 17 gene signatures to represent the Notch pathway.
Affymetrix HGU133A CEL files of 533 TCGA GBM samples were downloaded from TCGA data portal and preprocessed using the Aroma (http://www.aroma-project.org/ package version v2.8.0) (38) . Applying single sample GSEA (ssGSEA)(39), we classified the GBMs into proneural, neural, classical and mesenchymal subtypes (17) . To illustrate the expression pattern of the Notch pathway in cell lines and clinical samples, we projected the 17-gene signature to the cell line gene expression data set and TCGA data set.
Western blot analysis
Cells were harvested in lysis solution as previously described (40) and subjected to Western blotting. Membranes were probed with the following primary antibodies: Anti-Notch-1, anti-Cleaved Notch-1 (all from Cell Signaling, Boston, MA), anti-Hes-1, anti-Hes-5 (all from Millipore), and anti-Hes-3 (Sigma-Aldrich). Anti-β-actin antibody was purchased from Sigma and used as loading control.
Neurosphere formation assay
For the primary neurosphere formation assay, GICs were seeded in 96-well plates (100 cells/ well) and were incubated with various concentrations of γ-secretase inhibitors (DAPT 10 μM, BMS-708163 2 μM and RO4929097 2 μM) for 7 days. For the secondary neurosphere formation assay, primary neurospheres were dissociated into single cells and 50 such cells were in each well of 96-well plates in the absence of inhibitors. After 7 days, total neurosphere numbers were counted under a dissection microscope using 4×4 objective magnification.
Cell Growth Assay
GICs were seeded in 6-well plates (1×10 5 cells/well). Cell numbers were counted using a hemocytometer and cell were counted every day for 7 days. Experiment was repeated three times and the average value was reported.
Indirect immunofluorescence
Immunofluorescence staining was performed as described previously (41) . Cells were seeded at a concentration of 2 × 10 5 cells/well in 6-well plates with polylysine-coated coverslips inside and left for 24 hours in the incubator. The following day, cells were treated with the indicated dose of γ-secretase inhibitors (DAPT, BMS-708163 and RO4929097) for 5 days, media were aspirated, and the cells were washed with phosphate-buffered saline (PBS) once, before being fixed with 4% formaldehyde in PBS for 20 minutes. After another PBS wash, the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes and then blocked with 5% goat serum in PBS (containing 0.1% Tween 20) for 1 hour. Cells were then incubated with primary antibodies (Anti-Nestin and anti-GFAP from Cell Signaling, anti-CNPase from Millipore, and anti-TuJ-1 from Sigma-Aldrich) overnight at 4°C. After 2 washes with PBS (containing 0.1% Tween 20), the cells were incubated with the indicated fluorescently labeled secondary antibody in the dark at room temperature for 1 hour. The cells were counterstained with Vecta shield sealant containing 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, California, USA) and examined under a confocal laserscanning microscope (Carl Zeiss Microscopy). Pictures were scanned with a DFC340FX camera. The percentage of positively stained cells in each section was determined at a magnification of 400 by counting 500 cells in a randomly selected field.
Knockdown of Notch-1 by lentiviral shRNA
Lentiviral vector encoding shRNA for Notch-1 was purchased from Genecopoiea Inc. (Rockville, MD). The lentiviral vector pLKO.1-mediated expression of shRNA for targeting human Notch-1 was performed according to the manufacturer's instructions. Briefly, lentiviral particles expressing targeting or control scramble shRNA were produced in HEK293FT cells with the mixed set of packing plasmids, and the viruses were concentrated and titered as previously described (42) . GSC35 cells were infected with the Notch-1 shRNA. Produced lentiviruses were concentrated using the Centricon Plus-20 centrifugal filter device (Millipore). To ensure the same number of lentiviral particles were used in each experiment, produced lentiviral stock was titered and stored at −80°C. For in vitro infection of GICs with the lentivirus, we disaggregated cultured tumorspheres prior to infection in order to increase the infection efficiency and uniformity. To infect target cells by lentiviruses, we exposed GSC35 24 hours. Cells were washed and then cultured with regular complete medium for 2 additional days in the presence of 2.5 μg/μl puromycin. Finally, the cells were washed and analyzed for protein expression by Western blotting.
RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was extracted from GICs with the RNeasy Mini kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. RT-PCR was performed with SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen, Grand Island, NY), according to the manufacturer's instructions.
Animal studies
Mice were maintained in a pathogen-free environment and used in accordance with the MD Anderson Animal Care and Use Guidelines. We examined the antitumor efficacy of RO4929097 in intracranial xenografts derived from GSC35. Nude (nu/nu) 6-to 8-week-old mice (n = 18) were obtained from the MD Anderson breeding facility. In this study, we implanted 5 × 10 5 GSC35 cells in DMEM/F12 serum-free media (SFM; 5 μL) intracranially into the caudate nucleus of each mouse using a guide-screw system, as described previously (43) and then randomly divided the mice into 3 groups of 6 mice each. Starting on day 4 after the tumor cells were implanted, mice were treated once per day by oral gavage with 10 or 20 mg/kg RO4929097 in 1.0% carboxymethyl cellulose with 0.2% Tween 80 or 1.0% carboxymethyl cellulose with 0.2% Tween 80 alone (control) on a 5-days-on, 2-days-off schedule for 4 weeks. Mice were monitored daily and euthanized when they became moribund. Then, the whole brain was extracted for rapid freezing in liquid nitrogen and storage at −80°C. At necropsy, all organs were analyzed grossly and microscopically to assess tolerability at the tested doses.
Immunohistochemical staining
Sections (5 μm thick) of formalin-fixed, paraffin-embedded whole brain from control vehicle-and RO4929097-treated animal specimens were stained with anti-Notch-1, anti-NICD, anti-Nestin, anti-Ki-67 (all from Cell Signaling), anti-Hes-1 (Millipore), and antiTuJ1 (Sigma-Aldrich). The sections were visualized by using a diaminobenzidine substrate kit. The slides were examined under a bright-field microscope.
Statistical analysis
Statistical analysis was performed using the Student's unpaired t-test. Results are presented as the mean of at least three independent experiments. Survival analysis was performed using the log-rank analysis module in SPSS 10.0 (SPSS Inc.). Differences were considered significant at p<0.05 for all comparisons.
Results
GICs exhibit differential sensitivities to γ secretase inhibitors
We quantified the sensitivity in a panel of 16 cell-lines to γ secretase inhibitors by measuring the concentration needed for each compound to inhibit proliferation by 50% (designated the IC 50 , the half maximal inhibitory concentration) after 72 hours of continuous exposure. Γ secretase inhibitors effectively showed dose-dependent growth inhibition of GICs (Fig. 1A) . Representative waterfall plots showing responses to the γ secretase inhibitors are shown in Figure 1B ; they reveal groups of cells showing differential responses to γ secretase inhibitors, dividing the GICs into a responder group and a non-responder group. Responder group was defined by the cell lines showing an IC 50 values ranging between 5-15 μmol/L for DAPT and 0.5-2 μmol/L for BMS-708163 and RO4929097. GICs showing IC 50 values above 5-15 μmol/L for DAPT and 0.5-2 μmol/L for BMS-708163 and RO4929097 were considered as non-responders.
We studied the proliferative potential and in-vitro tumorogenicity of responder (GSC13 and GSC35) and non-responder (GSC2 and GSC20) GICs. All the responder cell lines and nonresponder cell lines showed similar exponential growth pattern during 7 days of growth curve with GSC35 a responder cell line with slightly slower growth rate (Supplemental Fig.  S1 ). In an in-vitro tumorigenicity assay as assessed by the ability to form primary neurospheres, all 4 GICS (responder: GSC 35 and GSC13 and non-responder: GSC2 and GSC20) showed similar neurosphere formation ability showing that the GICs had tumorigenic potential in-vitro(Supplemental Fig. S2 ). The in-vivo biological behaviors of two groups were studied by injecting cells orthotopically into mouse brain and GICs from two groups (responder: GSC 35 and GSC13 and non-responder GSC2 and GSC20) formed tumors in mice clearly showing that both responders and non-responders are tumorigenic. We also show that in-vivo tumors from responder GICs exhibit proneural characterstics as shown by OLIG2 and Nestin positive staining where as non-responder GICs tumors show mesenchymal marker YKL-40 (Supplementary figure S2).
γ Secretase inhibitor responder GICs are enriched in proneural signature
We compared the expression profile of responders and non-responders GICs and applied TCGA subtype gene cluster on gene expression data (Affymetrix U133A2) from 14 GIC cell lines ( Fig. 2A) . Expression data analysis identified several genes highly expressed in the responder group and divided 14 GICs into two major groups TCGA gene signature. The responder cell lines strongly associated with response to γ secretase inhibitors included the subtype with a proneural background, showing enrichment of proneural TCGA signature, including OLIG2, SOX2, and ERB3 ( Fig. 2A) . Rest of the cell lines showed low expression of proneural gene signature and were designated as non-responders. It is important to note that some of the non-responder cell lines (GSC23) although showing proneural gene expression of Olig2 and Sox2 (Fig 2B) but did not show Notch pathway activation and response to γ-secretase inhibitors were classified as non-responders. The non-responder group in contrast shows expression of CD44, TGFβ1 and FGF13 factors essential for maintenance of non-responders (Supplemental Fig. S3 ). RT-PCR data validated some of the proneural genes present in responder GICs (Fig. 2B) .
Identification of subtype pathway markers in cell-line clustering
To identify differentially expressed pathways between responder and non-responder cell lines, we performed GSEA using canonical pathways from Kyoto Encyclopedia of Genes and Genomes (Kanehisa et al., 2012) . Notch pathway was significantly up regulated in responder (p<0.05) group (Fig. 2C) . Of the 38 genes in the Notch pathway, 17 were "core enrichment" genes that were adopted as a gene signature to represent this pathway (Fig. 2D) . Core genes were the most deregulated genes and the major contributors to the enrichment score. Here, these genes included NOTCH1, NOTCH3, HES1, MAML1, DLL-3 and JAG2, among others (44, 45) . RT-PCR data validated expression of the Notch pathway genes Notch-1, Notch-3, Hes1, Hes3 and Hes5 in the responder GICs (Fig. 2E) .
Analysis of human tumor gene expression profiles identifies proneural subtype as having high Notch pathway activity
To investigate the Notch pathway in clinical samples, we projected the 17 Notch gene signatures onto GBM cohort collected by TCGA (Cancer Genome Atlas Research Network, 2008). Affymetrix HGU133A CEL files of 533 TCGA GBM samples were downloaded from the data portal and preprocessed using the aroma package (38) . Using ssGSEA(39), these samples were classified into proneural, neural, classical and mesenchymal subtypes (17) . As anticipated, the proneural subtype highly expresses the proneural gene signature (Supplemental Fig. S3) . We compared expression of Notch signatures between the proneural group and the other groups and applied 17 gene signatures identified above as core enrichment genes. The results show that 43.9% of the proneural GBMs had higher Notch pathway gene expression, suggesting activation of the pathway in a subset of patients (Supplemental Fig. S4 ).
Notch blockade is pronounced in GICs with high Notch activity
In order to identify any relationship between pathway activation of Notch signaling and the sensitivity of γ secretase inhibitors, we tested expression of genes in the Notch signaling pathway in 16 GICs by Western blot analysis (Fig. 3A) . Activated Notch-1 NICD and Notch-1 pathway components, including Hes1, Hes3 and Hes5, were all expressed in the responder group and either absent or present at very low levels in non-responder GICs, indicating that response may be related to activation of the Notch signaling pathway. Hes1 was expressed in 12 GICs, and Hes3 and Hes5 were expressed only in the responder group. It has been reported that Hes1 expression is regulated by genes other than Notch-1, but it is unclear what genes were regulating Hes1 in GICs.
γ Secretase inhibitors show dose-and time-dependent response in GICs
Notch receptor triggered by the ligand promotes its cleavage by γ secretase. This cleavage can release the NICD, and released NICD translocates into the nucleus and binds CBF-1 to activate Notch targeting genes, such as the Hes genes, to antagonize the activity of proneural genes like Mash1, Math, NeuroD, and Neurogenins (18, 19) . To examine the effect of γ secretase inhibitors on the fate of GICs, we used GSC35 to study the time-and dosedependent effects of γ secretase inhibitors on Notch signaling in vitro. As shown in Fig. 3B , DAPT, BMS-708163 and RO4929097 inhibited expression of NICD, Hes1, Hes3 and Hes5 in a time-and dose-dependent manner ( Fig. 3B and 3C ). The decrease in NICD was followed by a decrease in Hes1, Hes3, and Hes5 expression, whereas the expression of Notch-1 did not change. This result indicates that γ secretase inhibitors inhibit the cleavage event at the Notch receptor and suppress downstream targets of Notch. Since γ secretase inhibitors have several sites of action and are not specific inhibitors of Notch, the effect of Notch inhibition by γ secretase inhibitors does not reflect specific Notch inhibition.
To gain a better understanding of whether Notch receptors are involved in response to γ secretase inhibitors, we determined the effects of knockdown of Notch-1 through lentivirusmediated expression of shRNA targeting Notch-1. The efficiency of downregulation of the corresponding Notch receptors and Notch target genes were determined by Western blot analysis (Fig. 3B) . To examine the function of Notch in GICs, we compared inhibition by © secretase inhibitors with that of shRNA knockdown of Notch-1 (Fig. 3D) . shRNA knockdown of Notch-1 in GICs decreased Hes1 and Hes5 protein expression, unlike treatment with γ secretase inhibitors, which decreased Hes1, Hes3 and Hes5 protein expression. Several reports have suggested that Hes genes are functionally classified into two groups and that not all are regulated by Notch (46). Hes3 is not a downstream target of Notch-1 in GICs, but it inhibited by © secretase inhibitors.
Notch inhibition attenuates proliferation and decreases self-renewal of GICs
Recent data suggest the role of Notch signaling in the maintenance of normal neural stem cells (21, 22) , but whether Notch signaling is involved in tumor stem cells is not fully clear. We analyzed the impact of Notch inhibition on GICs by exposing cells to the γ secretase inhibitors DAPT, BMS-708163 and RO4929097 for 7 days in a neurosphere formation assay. We selected 6 GICs in the responder group (GSC7-10, GSC13, GSC16, GSC34, GSC35 and GSC38), and 2 cell lines in the non-responder group (GSC2 and GSC20). Fig.  4A shows that only responder GICs (GSC35) showed decreased neurosphere formation ability in the presence of the three γ secretase inhibitors. The size of responder GSC35 neurospheres decreased in the presence of the γ secretase inhibitors, whereas inhibitor treatment had no effect on the size of non-responder (GSC20) neurospheres (Fig. 4A) . To study the effect of γ secretase inhibitors on GIC proliferation, the primary neurosphere analysis showed that the number of neurospheres decreased significantly in responder GICs (Fig. 4B) . To analyze the impact of Notch inactivation on self-renewal, we performed secondary neurosphere formation assays. 7 days after continuous DAPT, BMS-708163 and RO4929097 treatment, cells in the neurospheres were dissociated and placed under neurosphere growth conditions. A significant decrease in secondary neurosphere formation (Fig. 4C) , by an average of 84%, was observed in responders after DAPT, BMS-708163 and RO4929097 treatment, compared with non-responder controls (n = 3, p<0.001). These findings suggest that inhibiting Notch results in a decrease in the self-renewal potential of tumor cells, as well as their proliferation.
Notch inhibition induces neuronal and astrocytic differentiation
To test the role of Notch signaling in stem cell maintenance, we performed the differentiation assay in vitro. GSC35 (in the responder group) and GSC20 (in the nonresponder group) were plated on polylysine-coated coverslips overnight before exposing the cells to all the three γ secretase inhibitors individually for 5 days. Immunostaining was performed to detect the levels of CNPase (an oligodendrocytic marker), GFAP (an astrocytic marker), TuJ1 (a neuronal marker), and Nestin (a neural stem cell marker). Results show that γ secretase inhibitor treatment decreased the expression of Nestin and increased that of TuJ1 and GFAP in the responder group of GIC: GSC 35 (Fig. 5A) , while as there was no effect on non-responder GIC: GSC20. Responder GICs have the potential to differentiate into multiple lineages, and γ secretase inhibitors act as triggers of neuronal and astrocytic differentiation, suggesting that inhibiting Notch signaling in GICs leads to an increase in the number of differentiated cells. However, knockdown of Notch-1 by shRNA decreased the expression of only Nestin and increased that of TuJ1 (Fig. 5B) . Therefore, we conclude that Notch knockdown induces only neuronal differentiation, whereas γ secretase inhibitors induce both neuronal and astrocytic differentiation. The difference between γ secretase inhibitor treatment and shRNA knockdown of Notch-1 is in the expression level of Hes3. Notch inhibition by γ secretase inhibitors reduced Hes1, Hes3 and Hes5 expression and induced neuronal and astrocytic differentiation. On the other hand, Notch knockdown reduced Hes1 and Hes5 expression and induced only neuronal differentiation. These findings indicate Hes1, Hes5 and Hes3 expression might exhibit differential effects on neural differentiation in GICs.
RO4929097 improves survival in an orthotropic mouse model of GBM
We assessed the anti-glioma efficacy of RO4929097 in vivo using a GSC35 orthotopic model of human gliomaxenografts in immunocompromised mice. The median survival duration for animals treated with methylcellulose [control] was 85 days (Fig. 6A and 6B ). Treatment with 10 mg/kg RO4929097 and 20 mg/kg RO4929097 alone extended the survival duration to a median 132 and 185 days, respectively (p= 0.05, log-rank test for both experiments). The results show the potential therapeutic efficacy of RO4929097 for the treatment of human gliomas. The orthotopic tumors after RO4929097 treatment for 4 weeks were analyzed for biological effects. The levels of Notch pathway proteins NICD and Hes1 were lower in RO4929097-treated GSC35 tumors than in untreated tumors, suggesting RO4929097 suppressed Notch pathway activities in vivo. In addition, the treated tumors showed decreased Ki-67 positivity (Fig. 6C) indicating that RO4929097 suppressed proliferation in the responder GIC tumors. Furthermore, tumors showed increased TuJ1 and decreased stem cell marker Nestin positivity after RO4929097 treatment.
Discussion
The Notch signaling pathway involved in cell fate decisions during normal development (18) (19) (20) and in the genesis of several cancers (23-25) has been implicated both in the maintenance of neural progenitors and in the generation of glia during development of the brain (21, 22) . In gliomas, Notch seems to confer radio-resistance to cancer stem cells (32) , and inhibition of Notch signaling through γ secretase inhibitors (33) or Delta-4 monoclonal antibody (48) decreased the numbers of CSC and/or their tumorigenicity in some preclinical models, suggesting that therapeutic regimens including Notch inhibitors may be used in the clinic to target CSC and reverse or prevent chemo-or radio-resistance. We have shown that γ secretase inhibitor treatment, suppresses the oncogenic properties of a subgroup of GICs with high Notch pathway activation. Our results indicate that responder group had a gene signature enriched in proneural genes, suggesting γ secretase inhibitors might be of potential value to treat proneural glioma. Furthermore, we show that γ secretase inhibitor treatment decreases cell proliferation, self-renewal and induces differentiation accompanied with increases in animal survival in the γ secretase inhibitor sensitive responder group.
In recent years, a distinct cellular hierarchy has been identified in several hematopoietic and solid tumors, and efforts to personalize the treatment of solid tumors, including brain tumors, are aimed at identifying subsets of patients most likely to benefit from treatment and avoiding treatment-associated morbidity and mortality in patients who are unlikely to respond. Dysregulated Notch activity in human brain tumors was reported by several studies (28) (29) (30) (31) 47) . However, few studies have investigated the functional relevance of Notch in this tumor type and it is still not clear if and how Notch signaling affects glioma tumorigenesis and maintenance.
In the context of personalized medicine, for the best use of Notch inhibitors and other CSCtargeted agents, various factors need to be determined: 1) which cancers and specific cancer subtypes contain Notch-dependent CSC; (2) what role specific components of Notch signaling play in these CSC; and 3) how can one measure Notch activity in CSC from individual patients. The selection of cancer patients who would benefit from treatment with molecular inhibitors is one of the biggest challenges. TCGA Network described genomic abnormalities and gene expression-based molecular subtypes of GBM with strong relationships between subtypes and genomic alterations. Establishing the association between drug responses and GBM molecular subclasses may help to identify potential cohorts of patients for targeted therapy. The potential clinical utility of these findings is supported by concordance of in vitro-derived molecular predictors of response to therapeutic compounds and clinical results. In the current study, we used neurospheres derived from human GBM specimens (GICs) to examine the effects of Notch pathway blockade. Notch pathway blockade by three structurally distinct γ-secretase inhibitors slowed tumor growth in a subset of GICs with high Notch pathway activation. This subset of GICs was identified with gene set enrichment analysis matching that of the characteristic proneural GBM that predicted response to Notch inhibition. However the clinical application is hindered by complexities arising from intratumoral heterogeneity. Our study showed that only 43.9% of the TCGA proneural tumors were identified as strong Notch pathway expressers after applying the 17-gene Notch signature to the proneural TCGA data set (Supplemental Figure  S4) . It is therefore important to note that only about 50% of proneural GBMs were identified having the Notch pathway signature and most likely rest 50% of the proneural GBMs have other gene or pathway signatures. Further analysis defining the signatures should aid more specific therapeutic targeting. It is important to note that the frequency of functionally defined CSCs, can vary dramatically among different patients. Moreover, different subpopulations within the tumor possess stem cell properties, which may be isolated using a variety of cell surface markers. It is becoming evident that for the development of new therapeutic strategies it is essential to consider the heterogeneity of brain tumors like GMBs as well as different subtypes. Probably, a unique marker is not enough to identify and characterize tumor-initiating population within the tumor bulk. Moreover, during glioma progression stem cells may be generated via accumulation of more mutations in the cells initially manifesting glioma features. Tumor heterogeneity may represent inherent instability in gene expression markers that confers undifferentiated cell character as opposed to stage in the stem cell lineage defining patterns of gene expression.
Additionally, we showed that Notch signaling components are expressed in human GBMderived neurospheres. These findings are consistent with those from other previous reports (28) (29) (30) (31) , showing Notch signaling components were expressed in different brain tumors and played important roles in their pathogenesis. Recently, Verhaak et al. reported that Notch signaling was highly expressed in the classic subtype of GBM (17) . We further showed that γ secretase inhibitors inhibited Notch signaling and differentially inhibited GBM cell growth. The difference of growth inhibition could be due to the different cellular context and heterogeneous genetic background of these GBM cell lines. Blocking the Notch pathway suppressed the GICs' tumorigenic features such as cell viability, self-renewal and differentiation.
These data suggest that Notch inhibition would be effective in targeting the bulk of the tumor as well as eventually minimizing recurrence by inhibiting the proliferation and differentiation of cancer stem cells. Results of this study are therefore anticipated to help identify potential GBM patient cohorts who would gain the most from Notch inhibition. Additional work remains before the signatures reported in this study can be used to select patients for clinical trials. Such future work would include the development of robust and reliable molecular assays that can be applied to clinical samples, establishment of predictive algorithms with decision-making thresholds optimized for clinical use, and validation of predictive power in multiple independent studies.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A) GICs were treated with of γ secretase inhibitors DAPT, BMS-708163 and RO4929097 at doses described in Materials and Methods for 7 days in a neurosphere formation assay and numbers of neurospheres were counted in 10 separate fields using a microscope. All the tested γ secretase inhibitors reduce the number and size of neurosphere after 7 days of treatment in responder GICs. Micrographs showed the representative neurosphere results of for GSC35 (Responder) and GSC20 (Non-Responder). Bars, 250 μm. B) We performed primary neurosphere assay to show the effect on proliferation. All the tested γ secretase inhibitors significantly reduce the number of neurosphere after 7 days of treatment in responder GICs (p<0.001). Neurosphere formation in the vehicle control was considered to be 100%.C) For secondary neurosphere assay to show the effect on self-renewal, neurospheres after 7 days of treatment as indicated above were dissociated in to single cells and grown as single cells into a 96-well plate. Cells were grown for another 7 days after which cells as spheres were counted for self-renewal capacity. The bar graph depicts secondary neurosphere formation after 7 days of replating. Neurosphere formation in the vehicle control was considered as to be 100%. GSC35 cells were implanted intracranially in nude mice (n=6 in each group), and treatment was commenced 4 days later. RO4929097 (10 and 20 mg/kg/day) was administered orally 5 times a week for 4 weeks. Control group mice were treated with 1.0% carboxymethyl cellulose with 0.2% Tween 80. Mice were sacrificed at morbidity, and survival curves were compared using Prism 5 software. A)Representative H&E-stained whole brain sections at 4 weeks post-treatment showing the tumor mass. Bars, 1 mm B). Kaplan-Meier survival probability plots of tumor-bearing mice in vehicle or RO4929097 treatment groups (n = 6), using the log-rank method to test for a difference between groups. Treatment of RO4929097 (10 and 20 mg/kg/day) showed a statistically significant improvement over control (p= 0.05, log-rank test for both experiments). C) Immunostaining of the brain sections of animals treated with RO4929097 for 4 weeks. The tissue section was incubated with antibodies against NICD, Hes1, Nestin, TuJ1 and Ki67. Bars, 100 μm.
